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The alignment mechanism of liquid crystals on polymeric surfaces that were patterned using an
atomic force microscope ~AFM! tip was studied by polarizing optical microscopy. Depending on the
thickness of the polymer, polymer chain alignment or grooves appear to be responsible for the liquid
crystal alignment. In thick polymer films ~above 100 nm! the polymer chains will align in the
direction of the scan due to the large lateral force exerted by the tip. In thin polymer films ~5–20 nm!
the polymer chains are strongly fixed to the surface and will not realign by the tip; instead grooves
will be formed. The azimuthal surface anchoring the energy of thick polymer films does not depend
on the scan line separation and scan force, is of the same order of magnitude as for conventionally
rubbed polyimide surfaces, but increases by the number of scans. AFM patterned pixels do not show
a pretilt angle. © 2001 American Institute of Physics. @DOI: 10.1063/1.1335649#
INTRODUCTION
The atomic force microscope ~AFM! not only enables
the investigation of nonconducting surfaces on a nanometer
scale, but also allows the manipulation of matter at that
scale, including polymer surfaces.1 Ruetschi et al.2 showed
that liquid crystals ~LCs! on AFM scanned polymer surfaces
will align in the scan direction. By making a LC waveguide,
they showed the ability of this technique to manufacture
~sub!micron dimension LC devices. The mechanism of the
LC alignment was explained by the appearance of grooves
on the scanned surface similar to those on conventionally
rubbed polyimide ~PI! surfaces.
Due to its simplicity and reliability this rubbing of a
polymer-coated surface with fine velvet is the most fre-
quently used technique for the alignment of LCs.3–7 Al-
though successfully applied for the past 30 years for the pro-
duction of liquid crystal displays, the mechanism of the
alignment of LC molecules on such a rubbed substrate is not
precisely understood. According to the elastic continuum
theory of Berreman8 the rubbing induces grooves on the
polymer surface and the liquid crystal molecules prefer to
align parallel to the direction of the grooves. This explana-
tion was also used by Ruetschi et al.2 Geary et al.9 suggested
the alignment of the molecular chains of the polymers by
buffing to be responsible for the LC alignment. According to
their theory the molecular chains at the surface of the poly-
mer align by the stress that is induced by the rubbing and the
LCs will anchor to these aligned chains. Ultimately the bulk
LC alignment will follow in an epitaxial manner. The latter
theory was recently supported by Stohr and Samant10 in a
near edge x-ray absorption spectroscopy experiment.
In this article we suggest that, depending on the thick-
ness and the mechanical properties of the polymer used, the
polymer chain alignment, the grooves or a combination of
both are responsible for the alignment of liquid crystals on
the scanned polymer surface. However, the mechanism of
the alignment of polymer chains by AFM tips is also differ-
ent from the one suggested by Geary et al.9 for the conven-
tionally rubbed PI. Instead of inducing strain, with the AFM
scanning the lateral forces exerted by the tip appear to dis-
place the polymer backbone along the scan direction.
Although patterning of a polymer surface by an AFM tip
may seem very similar to conventional rubbing, one should
keep in mind that there are important differences between
these two methods. The applied pressure on the polymer sur-
face at the contact point of the AFM tip is much larger than
the one applied by the rubbing fiber. An average tip diameter
is between 10 and 50 nm. Here we assume the effective tip
diameter to be 20 nm, which is much smaller than the effec-
tive diameter of fibers ~;1 mm! used for conventional rub-
bing. The typical scan force ~vertical! that is applied by an
AFM tip to pattern the polymer surface is of the order of
;0.1–1 mN, which is of the same order as the vertical force
per fiber ~;10–20 mN! for conventional rubbing.11 Hence
the typical tip pressure on the surface is Pt50.4 mN/
0.0004 mm25103 mN/mm2 whereas the average fiber pres-
sure on the surface is P f515 mN/mm2 assuming that the
whole fiber is in contact with the polymer layer.
Another important difference between conventional rub-
bing and AFM patterning is the lateral force. In the case of
conventional rubbing the lateral force is about a few New-a!Electronic mail: rastegar@sci.kun.nl
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ton’s and always smaller than the normal force. The dynamic
friction coefficient is approximately m50.54 for PI.11 In
AFM scanning the lateral force can be larger than the vertical
force.12 The lateral force between the tip and the object is not
only a function of the vertical force, but depends strongly on
the aspect ratio of the tip, the tilt angle of the cantilever, and
the friction coefficient between the tip and surface. At mod-
erate friction coefficients the lateral forces may exceed the
normal forces by an order of magnitude for tips with a small
apex angle. Finally the lateral force also depends on the scan
direction. For backward scans, the maximum lateral forces
are limited and significantly lower than in the case of for-
ward scanning.
AFM pictures of the conventionally rubbed PI show that
the average groove separation is approximately 100–300
nm.11 However in AFM scanning, one can exactly choose
the scan line separation from 0 to 36 mm in the case of our
AFM apparatus. In addition, the scan trajectory appears to be
an important parameter.
EXPERIMENT
For the AFM patterning, polyimide was deposited on
indium–tin–oxide coated glass substrates by spin or dip
coating, with film thicknesses of 20–200 nm. The substrates
were then baked at 100 °C for 60 min. A Nanoscope III and
a Dimension 3000 atomic force microscope13 were used to
scan the substrates. Standard silicon nitride tips13 with an
average tip diameter of 20 nm were used in constant force
contact mode to pattern the surface of the PI. Square patterns
of different dimensions were prepared with different line
separations. The maximum scan size was 1323132 mm2 for
the Dimension 3000 AFM. Scanning parameters such as scan
speed, scan force, scan angle, and number of scan lines were
varied.
Twisted nematic ~TN! cells of the patterned substrates
and conventionally rubbed PI counter plates with thicknesses
of 2–6.5 mm were prepared. The cells were filled with 5CB
at room temperature or at temperatures above the nematic
phase.
The quality of the alignment was determined by optical
microscopy. The contrast of the TN pixels was determined
by the analysis of images taken by a 10 bit digital camera.
The surface anchoring energy was measured by the cell ro-
tation method14 under a polarizing microscope.
RESULTS AND DISCUSSION
Tapping and contact AFM modes were used to study the
topography of the polymer surfaces before and after pattern-
ing and conventional rubbing. Figure 1 shows the tapping
mode AFM pictures of the PI surface after rubbing and con-
tact mode scanning with AFM. Very well defined grooves
produced by rubbing @Fig. 1~a!# and by the AFM tip @Fig.
1~b!# can be seen in very thin PI films ~5–20 nm!. However,
we did not see any grooves or periodic structures on the
patterned surfaces of 200-nm-thick PI films. Instead we ob-
served typical bumpy polymer surfaces. Hence the existence
of grooves on AFM patterned polymer surfaces seems to
depend on the thickness of the polymer film used.
PI is a rather soft polymer but its backbone is strong and
stiff. On the other hand, as we showed, the tip pressure on
the polymer surface could be as large as 109 N/m2. Therefore
the tip can penetrate the polymer surface layer and under the
strong lateral force, the polymer chain in contact with the tip
will be pulled along in the direction of the displacement of
the tip as far as the elastic forces of the polymer will permit.
In this way PI chains partly align in the scan direction and
consequently LC molecules will align in the direction of the
aligned PI chains. However, in the very thin PI films ~a few
nanometers! surface interactions fix the polymer chains to
the surface. The fixed chains cannot be reoriented by the tip,
but rather the tip will break the polymer chain and will pro-
duce grooves on the surface similar to those observed by
Ruetschi et al.2
As an example of a polymer with different mechanical
properties we studied the alignment properties of poly~m-
ethyl metha acrylate! ~PMMA!. Conventionally rubbed
PMMA aligns nematic liquid crystals.9 However, the AFM
patterned surfaces would not. PMMA is a side chain polymer
FIG. 1. Tapping mode AFM pictures of the PI surface: ~A! after rubbing
with velvet, ~b! after contact mode scanning with AFM.
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that is known to form a helical structure on the surface,
which is very brittle.15 Hence, during the scanning the tip
will not align the polymer chain but break it instead. We also
could not see any grooves on the patterned 400 nm PMMA
films by tapping mode AFM. As a result this patterned
PMMA surface is not expected to align LCs as was indeed
confirmed by our experiments.
Therefore both the polymer film thickness and its me-
chanical properties are important factors in determining the
mechanism of LC alignment. As the alignment of LC on
grooved thin films is discussed elsewhere,2 we focus our dis-
cussion mostly on the mechanism of the alignment of LC in
the thick PI polymer films when the polymer chain alignment
is thought to be the dominant mechanism.
The azimuthal surface anchoring energy Wf is a mea-
sure for the degree of alignment of liquid crystals on the
patterned surfaces. For the thick PI polymer films, by vary-
ing the scan force between 0.2 and 0.7 mN, we found that
Wf is of the same order as for the conventionally rubbed
PI(Wf5131025 J/m2) and does not depend on the vertical
scan force ~Fig. 2!. This can easily be understood: Increasing
the scan force means pushing the tip more into the bulk of
the polymer. Therefore not only the surface chains will align
but also the chains deeper in the bulk, but these are not
effective for the LC alignment. As a result, increasing the
scan force will not change the contrast of the TN pixels, as
we observed ~see the insets of Fig. 2!, although it does affect
the average depth of the grooves ~Fig. 3!.
Increasing the number of scans results in the alignment
of more polymer chains or a better alignment of the chains
that were already partly aligned, and consequently will im-
prove the LC alignment. This can be seen in the increasing
azimuthal surface anchoring ~Fig. 4! and in the slight in-
crease of the contrast of the TN pixels in the inset of Fig. 4.
Note that increasing the number of scans with an AFM
tip is different from increasing the number of rubbings for
the conventional alignment. The latter case is similar to re-
ducing the line separation in AFM scanned patterns, which
does not affect Wf . In contrast, by increasing the number of
scans, the AFM tip will scan the same line a few times
~within a small displacement due to drift! and as a result the
polymer chains will align better by each scan.
Finally, when a patterned area is scanned in a different
direction, the tip will redirect the polymer chains in the di-
rection of the last scan. Therefore the liquid crystals will
FIG. 2. The azimuthal surface anchoring energy as a function of the scan
force in a 3 mm cell. The inset shows a micrograph of the patterned (100
3100 mm2) TN pixels under parallel polarizer and analyzer.
FIG. 3. Tapping mode images of 80 nm polymer films. ~a! Scan force
50.25 mN. ~b! Scan force50.65 mN. ~c! Scan force51.5 mN.
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align parallel to the direction of the last scan ~see Fig. 5!
confirming that the polymer chain alignment is the dominant
mechanism of the alignment of LCs on thick polymer films.
The final important problem to address is the existence
of a pretilt angle. According to Geary et al. the pretilt angle
of a rubbed PI surface is the result of the induced strain that
causes the LC molecules to align with a pretilt angle in the
direction of the strain. However, in the case of AFM pattern-
ing on thick polymer films one does not expect the appear-
ance of a pretilt angle because there is no force to align a
chain or a segment of a chain with an angle with respect to
the scanning plane.
Figure 6 shows a micrograph of TN pixels under crossed
polarizers. The absence of a pretilt causes the formation of
multidomains in the whole area of the pixel, as shown in Fig.
6~a!. In Fig. 6~b!, the scan line separation d is much larger
than the transverse correlation length (j’) of the LC. There-
fore the LCs will not align homogeneously over the whole
patterned area, but they will orient along the direction of the
scan line. Consequently, as observed in Fig. 6~b!, multido-
mains are formed even on a single line in the TN structure.
This unambiguously indicates that there is no pretilt angle on
the patterned surface to remove the twist degeneracy, which
is in agreement with the interpretation of the AFM tip align-
ing the polymer chains.
In conclusion we have shown that AFM patterned poly-
mer surfaces strongly align nematic liquid crystals. On poly-
mer surfaces the anisotropic interaction of LC molecules and
polymer chains is responsible for the alignment. Depending
on the thickness and mechanical properties of the polymer
film, polymer chain alignment and/or grooves are respon-
sible for the LC alignment. However, we suggest a different
alignment mechanism for the polymer chains than the one
suggested by Geary et al. On the patterned PI surface the
FIG. 5. Micrograph of a patterned TN pixel under crossed polarizers. Ar-
rows indicate the scan direction and the pixel number shows the scan order.
The total scanned area is 1183118 mm2. The LCs follow the direction of
the last scan.
FIG. 4. Azimuthal surface anchoring as a function of the number of scans.
The inset shows a micrograph of the patterned (1003100 mm2) TN pixels
under crossed polarizers.
FIG. 6. Micrograph of TN pixels of 100 mm3100 mm2. ~a! When the line
separation is less than the LC transverse correlation length. Different colors
show multiple twisted domains in the TN structure. ~B! When the line sepa-
ration is much larger than the LC transverse correlation length. The dashed
rectangle shows multiple twisted domains in a single line in TN structure.
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AFM tip will physically align the polymer chains in the scan
direction. The surface anchoring energy increases by increas-
ing the number of scans but remains unchanged by increas-
ing the scan force or reducing the line separation. AFM
scanned polymer surfaces do not show any pretilt angle, in-
dicating the absence of tip-induced stress.
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